Panicum virgatum is a dominant, native, perennial species found in the tallgrass prairie. In this study, we report the biosynthesis and accumulation of trigonelline (TRG) in leaves of P. virgatum in response to water-deficit stress. Once established, half of the seedlings underwent a drought stress treatment while the other half were watered daily (control). Relative water content (RWC) and trigonelline (TRG) concentrations were determined. RWC showed an interaction between moisture treatment and time, in which upland cultivars had the highest mean RWC compared with the lowland cultivars. The moisture treatments showed a significant difference in TRG concentration across all P. virgatum cultivars, which ranged from 0.5-31.8 µg/gFW -1 . There was a divergence in TRG accumulation between upland and lowland cultivars in relation to RWC. This study is the first to report TRG accumulation in the grass P. virgatum, and to test for differences in TRG with respect to water-deficit stress among cultivars. The effect of soil moisture levels on cultivars may be important in making an informed selection and the response of P. virgatum and other dominant grasses should be considered as a potential filter in tallgrass prairies for restoration. Physiological markers such as TRG and RWC can aid in this decision making process.
Alkaloids, low molecular weight nitrogenous compounds, are widely distributed in plants and comprise an important class of plant natural products. The alkaloid trigonelline (TRG) is a secondary compound derived from nicotinamide, a key metabolite of pyridine metabolism. TRG is the N-methyl conjugate of nicotinic acid synthesized from nicotinic acid by S-adenosyl-L-methionine nicotinic acid-N-methyl-transferase (NNMT) (EC 2.1.1.7) [1, 2] . TRG is a physiological marker that may be used to map drought stress in plants. TRG acts as a cell cycle regulator and as a compatible solute in response to salinity and water stress [2, 3] . TRG is considered to be a storage form of nicotinic acid and can re-enter the nicotinamide metabolic pathway by demethylation [4] . TRG can affect the plant cell cycle [5] and mediate leaf movement [6] . TRG has also been used as a biochemical marker for water stress resulting from interspecific weed competition [3, 4, 7] . The ability to synthesize and accumulate TRG is widely distributed in plants and has been extensively studied in the Fabaceae [8] [9] [10] . In the Poaceae, plants synthesize TRG but have not been shown to accumulate the molecule in response to stress [2, 11] . TRG can be highly concentrated in leaves and dry seeds.
Switchgrass (Panicum virgatum L.) is a perennial, warm season C 4 grass that occurs as many ecotypes [12] . P. virgatum is a coarsegrained grass that can grow up to 3 m tall and often dominates mesic tallgrass prairies in the Great Plains of North America [12] . Numerous cultivars of P. virgatum have been developed that are widely used for forage and hay, providing wildlife habitat, and preventing soil erosion. Within the last few decades, P. virgatum has been identified as an important biofuel crop [13] [14] [15] .
The upland cultivars 'Blackwell' and 'Cave in Rock' are disease resistant varieties [16] . The lowland cultivars 'Alamo' and 'Kanlow' are especially well suited for poorly drained soils [16] . These cultivars are widely planted in the Midwest of the United States. Lemus et al. [17] have demonstrated that 'Alamo' and 'Kanlow' produce more biomass than 'Blackwell' and 'Cave in Rock'.
We are interested in restoration efforts and how natural products can be used to evaluate the performance of native tallgrass prairie species. In this study, we report the biosynthesis and accumulation of TRG in leaves of P. virgatum in response to water-deficit stress.
RWC showed a significant difference among P. virgatum cultivars ( Table 1) . 'Cave in Rock', an upland cultivar developed in southern Illinois, had the highest mean RWC at 74.3 ± 1.8%. The additional upland cultivar, 'Blackwell', had a relatively similar RWC mean of 70.3 ± 1.4%. The two lowland cultivars, 'Kanlow' and 'Alamo', had significantly lower mean RWCs compared with the two upland cultivars of 61.1 ± 1.1% and 58.2 ± 0.9%, respectively. Relative water content was related to the interaction of day and moisture regardless of the P. virgatum cultivars ( Figure 1 ). RWC of seedlings in the control and drought stress treatment levels did not vary significantly over the first two days of the treatment (about 95% each). However, by day three of the experiment, RWC of seedlings in the drought stress treatment began to decline (RWC = 88.7 ± 1.8%). The RWC for the seedlings in the control treatment never declined to less than 91%; seedlings in the drought stress treatment reached a minimum RWC of 42.2 ± 1.4%.
Trigonelline showed a significant difference between the control and drought stress treatment levels (Table 1, Figure 2 ). Seedlings in the drought stress level showed a mean TRG concentration of 9.5 ± 0.8 g/gFW -1 ; TRG in seedlings under the control treatment level was 4.5 ± 1.5 g/gFW -1 . There was no effect of P. virgatum cultivar on TRG concentration.
This study is the first to test experimentally for TRG accumulation in a dominant prairie grass. Detectable levels of TRG were found in both lowland and upland cultivars.
Drought stress solely affected trigonelline levels. This suggests that the amount of precipitation available in an environment, and not the source location of a cultivar, will reflect response to local stress levels. These results do not show the expected outcome of the experiment. There was a detectable amount of TRG in all the P. virgatum cultivars. Reported levels of TRG range from 200-800 µg/g -1 (d.m.) in Glycine max cultivars in a drought tolerance treatment [4] and from about 2-10 µg/g -1 (d.m.) in G. max under interspecific competitive stress [7] ; in this study, TRG in P. virgatum cultivars ranged from 0.5-31.8 µg/g FW -1 . The units differ between the two experiments because Cho et al. [4] used a pure sample to determine TRG availability; in this study a pure sample was not used to determine the availability of TRG. However, a previous study showed a significant interaction between P. virgatum cultivar and moisture level that had a TRG concentration range of 0.1-1.1 OD 264 gFW -1 [18] . In this experiment, cultivar source did not significantly affect TRG concentration. However, drought stress level did. This result could show that the production of TRG is separate from genotypic differences among cultivars grown at this stage. There were higher amounts of TRG found in the low drought stress treatment than in the high drought stress treatment. Trigonelline typically accumulates in plant tissues under drought stress [7, 19] , which was seen in this experiment. This result could be because the higher drought stress treatment level would be most suitable for growth of the cultivars while drought stress would lead to an overall high level of TRG irrespective of cultivar [20, 21] . TRG concentrations could also reflect adaptation to the precipitation regime in the original source location of a cultivar. Tissue concentrations of TRG could be a useful marker of drought stress in these situations [19] .
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RWC showed significant differences between cultivars and between day and moisture. Differences between cultivars showed that the upland cultivars had the highest mean RWC when compared with the lowland cultivars. P. virgatum cultivars grown in moister conditions (lowland) as opposed to more mesic conditions (upland) allocate resources differently and should be chosen for restoration accordingly to allow for the maximum production of the cultivar [12]. The interaction between day and moisture level showed that the high moisture treatment remained fairly consistent across the time gradient; however, RWC of plants under the low moisture (drought stressed) treatment declined rapidly after the second day of no watering.
Leaf TRG concentrations between all P. virgatum cultivars were not related to a decline in RWC. Our results suggest that upland and lowland cultivars can accumulate TRG, but that the soil moisture conditions experienced by the seedling is a more important factor than cultivar source behind elevated TRG concentrations. Restoration is necessary to restore the highly degraded and frequently arid prairie ecosystem [22] and success may depend on successful establishment of the dominant plants, such as P. virgatum, in drought stressed soil [15] . Invasive species also pose a threat to the establishment of P. virgatum and can utilize the available resources [23] . Therefore, knowledge of the effect of soil moisture levels on cultivars may be important in making an informed selection and the response of P. virgatum and other dominant grasses should be considered as a potential filter in tallgrass prairie for restoration. Physiological markers such as TRG and RWC can aid in this decision making process.
Experimental
Experimental growth and design conditions: Seeds of the two lowland ('Alamo' and 'Kanlow') and two upland cultivars ('Blackwell' and 'Cave in Rock') were sown into two flats and placed under a light bank (24 h continuous illumination) for 10 days. The flats were lined with vermiculite, followed by Miracle Grow™ potting soil (0.18:0.06:0.12 NPK). The seeds were watered with tap water every other day, unless the soil was dry in which case more frequent watering was applied. After the seed germinated and Control treatments were watered to field capacity every day and the drought stress treatment was not watered to induce drought stress responses from the cultivars for 9 days. The control treatment was watered with potable water from the hose.
The greenhouse experiment was of a completely randomized design with repeated measures. The treatment design was a fully factorial combination of P. virgatum cultivars ('Alamo', 'Kanlow', 'Blackwell', and 'Cave in Rock') and moisture treatment (high and low). There were 6 replicates of each treatment combination for a total of 4 x 2 x 6 = 48 experimental units.
Data collection and analyses:
Relative water content (RWC) was measured daily for 9 days and trigonelline (TRG) was measured at the end of the experiment (day 9 after water treatments began).
Relative water content was measured by placing a fully expanded leaf of known weight into a tared flask containing distilled water and chloroform. RWC was calculated according to the formula: RWC = (fresh mass -dry mass)/(water saturated mass -dry mass) x 100 [24] . Fresh mass was obtained by collecting above and belowground biomass and weighing (g) each sample; the dry weight was obtained by drying the fresh material at 55C for 48 h.
Trigonelline levels were measured using an ion exchange chromatography method as described [9] . Leaf tissue was extracted, from the second full-emerged leaf from the bottom, in 10 mL of methanol at 4°C in the dark. Phase separation occurred by the addition of distilled water and chloroform (5:3:2 v/v/v, respectively) [25] . Trigonelline was purified by Dowex-1-OH ion exchange chromatography and quantified spectrophotometrically at 264 nm (Carly 50 Bio UV-Visible Spectrophotometer), as described [26] .
Data were analyzed using a repeated measures mixed model in SAS (PROC MIXED, SAS Institute, 2003) to determine if there were significant differences in the performance of P. virgatum and relative water content/trigonelline between cultivar (4 treatment levels) and soil moisture (2 treatment levels) treatments or their interaction. Significance was assessed at P < 0.05. A post-hoc Tukey's test was used to determine significant differences between means.
